Substrate utilization by the isolated aerobic (Po 2 500 mm Hg) and hypoxic (Po 2 50 mm Hg) turtle (Pseudemys scripta) heart was evaluated by retrograde perfusion. During aerobic perfusion, the heart demonstrated active extraction and oxidation of free fatty acid (FFA) even in the presence of exogenous glucose. FFA metabolism was similar to that seen in the mammalian heart and was adequate to meet most of the myocardial energy requirements. When hypoxia supervened, FFA utilization did not compete with, but rather enhanced, concomitant carbohydrate metabolism, and glycogenolysis provided sufficient substrate to meet myocardial energy requirements with little change in observed hemodynamic function. During hypoxia, both rat and turtle demonstrated enhanced myocardial esterification of extracted ,[1-
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Reeves (6) has demonstrated that the turtle heart, working in a totally anaerobic environment (Po 2 < 5 mm Hg), can meet its energy requirements by metabolizing both glucose and glycogen to lactic acid. The quantity of energy produced under severely hypoxic conditions is sufficient to maintain viability and to support contractile, electrical, and metabolic activity at a level which approaches that seen in the aerobic state. The reports indicate that this reptile demonstrates extreme adaptation to hypoxia by a remarkably efficient utilization of Embden-Meyerhof enzymatic pathways.
This investigation was undertaken to compare the relatively well-known pathways of mammalian substrate utilization and preferences for substrate extraction to those which serve the turtle myocardium. The experimental design used a modification of LangendorfFs isolated, perfused heart preparation (7) which permitted monitoring of metabolic activity under controlled conditions unaffected by hormonal, hemodynamic, and neurologic factors. Since the turtle demonstrates a unique anaerobic metabolic capacity, experiments were conducted under both aerobic and hypoxic conditions; the interrelations between carbohydrate and FFA metabolism at high and low levels of intracellular Po 2 were studied.
Methods
Over 100 isolated turtle hearts were perfused in a retrograde perfusion system for 90 minutes with turtle Ringer's solution having either high (aerobic) or low (hypoxic) Po 2 . Perfusate temperature was maintained between 23-25°C, and aortic pressure was fixed at 20-40 mm Hg. Samples of the initial perfusate, the final perfusate, and the perfused heart itself were used for chemical analysis. Turtles of the species Pseudemys scripta (300-450 g) were fed a diet of Purina meal and given water ad libitum, and they were maintained in a tank that allowed access to both dry and aqueous environments.
SURGICAL PROCEDURE AND PERFUSION SYSTEM
The turtles were anesthetized with sodium pentobarbital, 30 mg/kg, ip, containing 5 mg of sodium heparin. A 2.5-inch circle was cut into the plastron on the abdominal surface. The left base of the aorta was then cannulated with PE 205 polyethylene tubing. The pulmonary artery was cannulated in a similar manner, and the carmula was passed through the pulmonary valve and lodged in the ventricle. The heart was then severed, removed, and immersed in cold physiologic saline. Perfusion with turtle Ringer's solution by gravity flow via the pulmonary cannula for 5 minutes removed all blood components and cellular debris. The heart was then suspended in the perfusion chamber. Figure 1 depicts the perfusion apparatus. A glass cylinder fitted with two silicone rubber stoppers was used as the main perfusion chamber. A thermometer and two lengths of glass tubing pierced the bottom stopper. Gas was bubbled through one tube; the other was connected to silicone rubber tubing which was led through a peristaltic pump to a windkessel aortic pressure chamber and subsequently to the aortic feeding cannula. A three-way stopcock was fitted into the silicone tubing between die pump and the main perfusion chamber to permit sampling of the contents of the reservoir. The upper rubber stopper was pierced by bipolar electrocardiographic leads and by a gas oudet which led to a Drierite filter and then to a Hyamine CO 2 trap. For 2 hours prior to aerobic experiments, the perfusate was bubbled with 95? O 2 -5% CO 2 to bring the Po 2 of the fluid to 500 mm Hg. For hypoxic experiments, the system was bubbled with 95% N 2 -5fc CO 2 ; sufficient air mixed with the entrance gas so that Po 2 was maintained at 50 mm Hg. A perfusion period of 90 minutes was chosen for both aerobic and hypoxic experiments.
PREPARATION OF PERFUSION FLUID
Turtle Ringer's solution was prepared as described by Smith (8) and was buffered to pH 7.77 by a bicarbonate buffer system maintained by bubbling with CO 2 . When glucose was used as substrate, chemically pure glucose and '[U- 14 C]-glucose (New England Nuclear Corporation) were added to the perfusate to a final concentration of 8.4 DIM at a specific activity of 8,300 dprn/yumole. When palmitate served as substrate, it was carried by bovine serum albumin (fraction V, Pentex Biochemicals) at a molar ratio of palmitate to albumin of 5 to 1. The substrate was prepared as follows: [l- 14 C]palmiric acid (New England Nuclear Corporation) and unlabeled palmitic acid (Mann Research Laboratories) were neutralized with sodium hydroxide and diluted with water while warm. Bovine serum albumin was dissolved in turtle Ringer's solution. A sample of sodium [1- 14 C] palmitate was warmed (60-70°C) until clear and added to the albumin solution while the solution was stirred.
FIGURE 1

Diagram of the perfusion apparatus.
The palmitate-albumin mixture was dialyzed for 24 hours at 4°C and was then diluted with turtle Ringer's solution to a final palmitate concentration of 0.4 mM and a final albumin concentration of 0.08 mM. The mean specific activity was 202,000 dpm/^mole. After filtration (Millipore SM 5fx), 30 ml of the solution was added to the perfusion system and bubbled with gas. Just before perfusion was begun, 10 ml of perfusate was removed from the system for the initial chemical analysis.
ANALYTICAL PROCEDURES
Uptake of substrate, production of 14 CO 2> incorporation of palmitate label into myocardial tissue lipid and lipid subfractions, chemical determination of lactate in the final perfusate, lactate specific activity, and tissue glycogen concentration and specific activity were determined for each experiment.
The FFA content of the initial and the final perfusate was extracted with chloroform-methanol (2:1), and the extract was washed with 0.5M NaH 2 PO 4 to prevent movement of FFA into the methanol-water phase (9) . A sample of trie chloroform phase was evaporated, dissolved in ethanol, and titrated with O.OIN sodium hydroxide by an Ultramicroburet, as described by Dole (10), using 2% Nile blue as the indicator. Another sample of the same phase was placed in a counting vial, evaporated, and counted in 15 In the closed apparatus, CO 2 produced by the perfused heart was present in solution and in the gas phase of the system. During active perfusion, gas-phase 14 CO 2 was recovered by bubbling emerging gas through three sequential CO 2 traps containing Hyamine hydroxide (Packard Instrument Company). More than 95% of the 14 CO 2 activity was recovered from the first trap. At the termination of perfusion, bubbling was continued for 5 minutes to wash residual CO 2 from the chamber into the traps. A sample of the trapping agent was counted in 15 ml of toluene containing 4 mg/ml of PPO and 0.05 mg/ml of POPOP. Dissolved 14 CO 2 was determined on a sample drawn into a syringe containing 1 ml of 4N sodium hydroxide; 2 ml of this mixture was added to a 35-ml bottle containing 2 ml of lactic acid. A stopper, into which a strip of Whatman no. 1 filter paper soaked in Hyamine hydroxide had been inserted, was then immediately applied. The 4 5 6 BRACHFELD, OHTAKA, KLEIN, KAWADE bottle was rotated slowly for 15 minutes, the filter paper was removed and washed with 2 ml of methanol, and absorbed radioactivity was monitored in a toluene-fluor mixture.
14 CO 2 was expressed as equivalents of labeled substrate used in its production. The accuracy of the method was determined by recovery of 14 CO 2 from turtle Ringer's solution to which NaH 14 CO s had been added and was shown to be 98.7 ± 1.2*.
Following perfusion, the heart was removed from the chamber and washed in ice-cold saline. Fatty tissue, aorta, and atrium were carefully dissected free, and the heart was blotted, weighed, and cut into two pieces. One sample was homogenized by a Virtis apparatus in a chloroform-methanol (2:1) mixture, and the extracted lipid was washed with 0.05% CaCl 2 as described by Folch (11) . A sample of the extracted lipid phase was dried by air and counted in Cabosil. The phrase "incorporation into tissue lipid," expresses the radioactivity so extracted as a function of the initial specific activity of [l- 14 The second portion of myocardium was digested with 30* KOH in a boiling water bath for 30 minutes to permit glycogen determination. After cooling, 95* ethanol was added to the alkaline digest to precipitate endogenous glycogen. It was collected by centrifugation (0-^°C), and the residue was suspended in water. Anthrone reagent was used to determine glycogen concentration. A second sample of the glycogen solution was used for determination of 14 C radioactivity. Glucose concentration was determined by glucose oxidase and lactate as described by Hohorst (13) .
RAT HEART PERFUSIONJ
Rat hearts were perfused in a modified Langendorff apparatus similar to that described for the turtle experiments. Male albino rats of the Sherman strain, weighing 180-250 g, were allowed to feed ad libitum prior to use. The rats were anesthetized by intraperitoneal injection of sodium pentobarbital, the diorax was opened by lateral incisions, the diaphragm was transected, and the heart was rapidly removed from the mediastinum by transecting the great vessels about 5 mm distal to the base. The heart was immediately placed in a beaker of ice-cold saline, trimmed free of extraneous tissue, and mounted on an aortic cannula. Perfusion with KrebsRinger's bicarbonate solution containing no substrate at 37°C and with a gravity-flow pressure head of 70 mm Hg was begun from a reservoir fixed above the heart. After a 5-minute washout, the system, consisting of a heart chamber, a bubble-trap pressure chamber, a temperaturecontrol coil, and a peristaltic pump, was closed, and recirculated perfusion was begun. Gas mixtures similar to those described for the turtle study were used to maintain aerobic Po 3 at 450-500 mm Hg and hypoxic Po 2 at 50 mm Hg. The outflow of the gas mixture was bubbled through a column of Hyamine hydroxide via a Drierite chamber for collection of 14 CO 2 . Total volume of perfusate was maintained at 35 ml. Heart weights varied from 0.89 to 1.2 g. Perfusion was terminated after 45 minutes of steady-state performance.
At the end of perfusion, the heart was quickly removed from the perfusion chamber, and the perfusate was circulated for 5 minutes to ensure homogeneity of mixing. The system remained closed. Then 20 ml of perfusate was removed, and 5 ml of this was mixed with an equal amount of 2N NaOH for determination of dissolved 14 CO 2 . The 15 ml of perfusate remaining in the syringe was used for determination of Po 2> glucose, lactate, titratable fatty acid, and [1-
14 C]-palmitate. Then 20 ml of 2N NaOH was added to the system and recirculated for 15 minutes to trap 14 CO 2 in die gas phase. Analytical procedures were identical to those described for turtle heart studies.
Results
TURTLE HEART STUDIES
Glycogen Content of Unperfused Heart.-The endogenous glycogen concentration of the turtle heart has been found to be as much as ten times greater than that of the mammalian heart (14) . Studies in our labora- 
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tory and elsewhere have demonstrated significant seasonal variations in this compound. Cardiac glycogen concentration of the in vivo turtle heart was 32.85 ± 2.14 mg/g wet weight in the spring (April) and rose nearly twofold to 60.19 ± 2.75 mg/g wet weight in the winter (December).
Palmitate Metabolism.-The metabolic fate of exogenous palmitate, present as the sole substrate during aerobic and hypoxic perfusion, is illustrated in Tables 1 and 2 There was a further, but insignificant, increase in the percent of tissue lipid in the triglyceride fraction when glucose was also present. In contrast, studies of incorporation into the phospholipid and diglyceride fractions under conditions of low Po 2 demonstrated a highly significant decrease for these constituents (-50^ and -32,%, respectively) compared with that seen during perfusion at high Po 2 .
CirtuUiion Rtsurcb, Vol. XXXI, Stptmbtr 1972
Residual myocardial glycogen concentration was nearly half of the normal seasonal preperfusion level under both conditions of oxygen tension. Glycogen breakdown appeared to be relatively fixed when palmitate was the sole exogenous substrate regardless of the level of tissue oxygenation. The pathways of glycogen utilization differed quite markedly, however. At high Po 2 , glycogen depletion reflected total carbohydrate oxidation or utilization by other cellular synthetic pathways. In contrast, during hypoxic perfusion, lactate production was marked and exceeded aerobic lactate production by over 1000$.
[l- (Tables 1 and 2, B and  D) .
At high Poj, the presence of glucose reduced [lu C]palmitate uptake (-31$) to about the same degree as did hypoxia in the absence of exogenous glucose. The decrease was accompanied by a simultaneous fall in oxidation to 14 CO 2 and incorporation into tissue lipid (-46%). The utilization of extracted lipid did not differ significantly from that seen in the absence of glucose. Incorporation of 14 C into nonlipid tissue substances was increased by the addition of exogenous glucose to the perfusate. Addition of unlabeled exogenous glucose did not have a significant effect on palmitate incorporation into the various tissue lipid fractions (Table 2) . Residual glycogen levels were markedly affected by the presence of glucose in the perfusate and exceeded by twofold those seen in the absence of added carbohydrate.
When perfused at low P02, myocardial palmitate uptake, oxidation, and incorporation into total tissue lipid were not significantly affected by the presence of glucose. Palmitate incorporation into nonlipid tissue compounds was slightly higher when glucose was present than when it was absent. During hypoxia, the presence of glucose did influence the distribution of nonoxidized extracted [1- 14 C]- Residual glycogen concentration reflected the expected normal seasonal variation regardless of the presence or the absence of palmitate during perfusion at high Po 2 . During hypoxic perfusion, residual glycogen AH values are means ="= SE for a 90-minute perfusion. N = 6 for each series of experiments. I = total initial glucosi radioactivity, T = total recovered glucose radioactivity. Percent change was given when statistically significant, and th< experimental data of each series were compared to each other. A = aerobic perfusion with glucose alone, B = aerobic per fusion with palmitate and glucose, C -hypoxic perfusion with glucose alone, and D -hypoxic perfusion with palmitati and glucose. Data for A, C, and D were collected during winter months and for B during summer months. Therefore, residua glycogen content of B is not comparable to the other groups. This mean value, however, is within the limits expected foi the summer season. levels (corrected for seasonal variation) fell regardless of the presence or the absence of palmitate.
Myocardial Metabolism in the Absence of Added Substrate.-Residual glycogen levels and lactate production were determined after substrate-free perfusion at high and low Po 2 . There was no significant difference in glycogen concentration between these two states. Studies were performed over a period of 13 months, and the marked variation in initial glycogen concentration between turtles studied at different seasons of the year made calculations of glycogen consumption based on residual concentration difficult to interpret. Under optimal aerobic conditions, much of the metabolized glycogen was completely oxidized. During hypoxia, progressively greater amounts were recovered as lactate. We, therefore, chose to interpret changes in lactate production as being indicative of the pathway of glycogen utilization in the absence of exogenous substrate. Lactate production increased from 3.22 ± 1.74 /i,moles/g wet weight to 109.00 ±18.18 /amoles/g wet weight (+ 3285$) during perfusion at low Po 2 .
Metabolic Adenosine Triphvsphate Production.-The potential energy for substrate oxidation expressed as total ATP produced was calculated on the basis of molar substrate consumption. During aerobic perfusion, the mean energy yield for both types of perfusate (palmitate and palmitate plus glucose) was similar and found to be 296.5 ^moles ATP/g wet weight. When palmitate was the only exogenous substrate, it accounted for 93% of the total. With the mixed perfusate, the contribution of palmitate fell to 66%. Glucose oxidation contributed an additional 28%. When glucose alone was provided, extraction was slight and total oxidation yielded only 36.6 fimoles ATP/g wet weight, 10% of the total calculated need. During hypoxia, total ATP production was supported mainly by glycogen utilization. When palmitate was available, it was responsible for only 12% of the total ATP production. When a double substrate was offered, palmitate contributed 223? and glucose 10$ of the total. Also, 68* of the calculated energy requirement was derived from glycolytic pathways accompanied by lactate production and breakdown of endogenous glycogen stores.
Metabolic studies were performed on the isolated, perfused (retrograde) rat heart to permit comparison of the mammalian and reptilian myocardial response to hypoxia. Experimental results are presented in Tables  4-6 incorporation of label into Lipid fractions was expressed as /xmoles of [1- 14 C] palmitate. Significant distributional changes during hypoxic perfusion were confined to the FFA and triglyceride fractions. Both showed an increased deposition, although distribution into the triglyceride fraction was quantitatively greater (hypoxic-aerobic). In rat heart studies performed in the absence of exogenous glucose, FFA deposition during hypoxia was increased by 0.18 /xmoles/g wet weight and triglyceride by 0.26 /xmoles/g wet weight.
With double substrate, a similar rise in FFA was seen (+0.20 ^imoles/g wet weight, but triglyceride increased by +0.89 /xmoles/g wet weight). In turtle experiments with single substrate, increased recovery of extracted [1-14 C]palmitate as FFA was much less marked during hypoxia (+0.06 /xmoles/g wet weight), the greatest amount being recovered as triglyceride (+0.26 /xmoles/g wet weight). In contrast to rat studies, the presence of glucose in the perfusate had little influence on this distribution (FFA +0.01 fimoles/g wet weight, triglyceride +0.35 /i.moles/g wet weight) regardless of the state of oxygen availability. In both species, extracted FFA appeared to be rapidly esterified during hypoxia. Lactate production was markedly increased in both turtles and rats during hypoxic perfusion. The percent increase was significantly greater in turtles during perfusions with a single substrate (palmitate) than it was in rats (+1000% vs. +129*). When glucose was present, aerobic lactate production in rat experiments was 222$ greater than during single-substrate perfusions. It was unchanged in turtle studies. In the rat, there was a still greater production of lactate when hypoxia was induced in the presence of exogenous glucose (+373*). In the turtle heart, the presence of glucose had little effect on the production of lactate in either the aerobic or hypoxic state.
TABLE 4
Comparison of [1-'<C] Palmilale Utilization by Isolated, Perfiised Turtle and Rat Hearts in the Aerobic and Hypoxic States
Glucose Metabolism-Determination of glucose uptake by the two species also demonstrated a marked quantitative difference in utilization of this substrate (Table 5 ). In the rat heart, hypoxia was accompanied by a marked increase in glucose consumption (+345%) matched by a stoichiometrically equivalent increase in lactate production (+361%). There was a 33* decrease in 14 COp roduction. Data obtained with the turtle heart was in marked contrast; induction of hypoxia stimulated an even greater percent increase in lactate production (+642*) and a more marked fall in 14 CO 2 production (-71*), but there was only slight evidence of enhanced utilization of exogenous glucose (+31*). An attempt was made to normalize the data on substrate utilization by consideration of the variation in hemodynamic demand seen in the myocardial performance characteristics of these two species. The most marked differences were in heart rate. In Table 6 , glucose uptake, 14 CO 2 production, and lactate production are expressed as a function of heart rate. When this correction is made, the rat and the turtle show a remarkable similarity in glucose uptake per beat in the aerobic state and in lactate production during aerobic and hypoxic perfusion. The slight increase in exogenous glucose extraction of 49* per beat in turtle hearts during hypoxia was in striking contrast to the 1040* increase in glucose uptake per beat recorded during perfusion of the rat heart. The increase in lactate production was stoichiometrically equivalent to the enhanced glucose uptake during hypoxic perfusion of the rat heart. In contrast, evidence for endogenous carbohydrate utilization was provided by hypoxic perfusion of the turtle heart, which showed a 754* increase in lactate production not matched by a similar increase in glucose consumption.
Discussion
The mammalian heart requires adequate substrate and maintenance of a high tissue 26.8 ± 2. oxygen tension to meet the energy requirements of active contraction (15, 16) . In contrast, the turtle heart shows optimal adaptation to changes in its intracellular milieu determined by behavior, which varies from air breathing during normal activity to hibernation and prolonged periods under water. It demonstrates normal function under circumstances that have proven inadequate to the maintenance of viability in the mammal (17) .
The data presented explore some of the pathways of energy metabolism utilized by these two species, one which shows extreme sensitivity, the other marked resistance to hypoxia.
Carbohydrate serves as a major substrate for mammalian myocardial energy production (15) . After feeding or in the hypoxic state, it may become the primary energy source. During fasting or when offered at optimal physiological concentrations, FFA normally are the principal mammalian myocardial substrate (15, 16, 18, 19) . Ran die et al. (20) have termed these relations the glucose-fatty acid cycle and have shown, as have other investigators (15, 18, 21) , that availability of fatty acids and ketone bodies to mammalian muscle and myocardium inhibits glucose uptake and oxidation. Inhibition of phosphofructokinase and pyruvate dehydrogenase and of membrane transport of glucose have been suggested as the mechanisms by which this depression is effected (21, 22) .
When oxygen availability is reduced, normal metabolic relations are severely disturbed. Low mammalian myocardial glycogen stores are rapidly depleted, and an adequate exogenous source of carbohydrate becomes critical. Glucose uptake per beat increases dramatically (exceeding that seen in the turtle by elevenfold) and becomes independent of the presence of FFA. Glucose consumption rises (Pasteur effect), is facilitated by stimulation of transport and glycolysis (23) , and is matched by a similar rise in lactate production. FFA oxidation falls sharply, and its extraction is tightly coupled to the presence of exogenous glucose. Accumulation of intracellular FFA is reduced when carbohydrate is available, and incorporation of FFA into neutral lipid rises rapidly. The enhancement of triglyceride synthesis is closely linked to the increased production of a-glycerophosphate, which accompanies the acceleration of anaerobic glycolysis (19, 24) .
Glucose uptake per beat by the aerobic turtle heart was similar to that seen in the rat. During hypoxic perfusion, however, the markedly increased glucose consumption described for the mammal did not occur. Although the hypoxic perfused turtle heart preparation of Reeves (6) did not demonstrate glucose extraction until cardiac glycogen was almost totally depleted, we were able to demonstrate utilization of exogenous glucose throughout the hypoxic perfusion.
During our period of perfusion, the metabolic activity of the hypoxic turtle heart was not significantly affected by the presence of glucose in the perfusion media. The high endogenous glycogen concentration provided a readily available source of metabolizable carbohydrate and compensated for the heart's failure to utilize increased amounts of exogenous glucose.
Extraction and oxidation of exogenous FFA at both high and low Po 2 was also demonstrated in turtle heart and was unrelated to the availability of exogenous glucose.
The stimulation of triglyceride synthesis noted in hypoxic mammalian heart studies was apparent in our reptilian heart studies as well and exceeded that in the mammal by threefold. Under these conditions, lactate production, and, presumably, the production of a-glycerophosphate, was many times greater than that seen in the rat. The presence of the latter compound in high concentration may be responsible for the proportionately greater increase in esterification.
In contrast to the findings of Randle et al. (20) in mammalian myocardium, accelerated uptake and oxidation of glucose was evident in the presence of palmitate, and over 50$ of the extracted palmitate was completely oxidized. Percent recovery of glucose label as I4 CO 2 and incorporation into cardiac glycogen increased, and recovery as lactate decreased. This enhancement of glucose extraction and oxidation was maintained during hypoxic perfusion. Nevertheless, glucose consumption was comparatively small and incapable of supporting a significant degree of energy production. Furthermore, the principal metabolic fate of extracted glucose label was primarily production of lactate during both states of oxygenation.
Reeves (6) suggested that glucokinase activity might be a significant rate-limiting step in glucose utilization and that it might be at least partially responsible for the apparent preferential utilization of glycogen. Thus of 11 Embden-Meyerhof pathway enzymes studCfrcuUtion Rtitarcb, Vol. XXXI, SfpHmbtr 1972 ied, glucokinase was among those with the lowest activity. Although a reduced uptake might have been secondary to this or another, as yet unknown, rate-limiting factor controlling active transport, data are not yet available to support this possibility or one which suggests that the system is incapable of completely oxidizing extracted exogenous carbohydrate substrate.
These data suggest that energy production by the turtle myocardium is not tightly coupled to the complete oxidation of extracted exogenous glucose in any state of oxygenation. The pathways for glycogen utilization, however, are clearly facilitated. The Km of glycogen phosphorylase is well below the normal level of turtle glycogen concentration (25) , and catabolism is not limited by phosphorylase activation.
Our findings confirm data reported by other workers that the concentration of turtle cardiac glycogen stores exceeds that in the mammalian heart by 1000$ (26) . A direct relation between such stores and tolerance to hypoxia has also been reported (17) and confirmed by these and other studies. Turtle myocardial glycogen stores appear to be related to feeding and activity patterns and thus vary with the season of the year, being nearly twofold greater in the winter (December ) than in the spring (April). Phosphorylation by turtle heart mitochondria is also greater in July than in November (27). This metabolic flexibility is essential to a hibernating animal subjected to prolonged periods of relative hypoxia and suggests that, in contrast to the mammal, turtle cardiac glycogen plays an active, integral role in the maintenance of myocardial energetics.
During aerobic metabolism, the turtle is capable of using FFA for complete oxidation in a manner adequate to supply much of its energy needs. During hypoxia, it maintains normal contractile activity by a metabolic detour related to its ability to break down a high endogenous glycogen concentration at rates far in excess of that seen during optimal oxygenation. In all phases of this study and regardless of the quantitative or qualitative availability of exogenous substrate, cardiac glycogen provided substrate for over 50% of the lactate produced during hypoxia. Production was maintained despite prolonged perfusion (over 90 minutes) at low oxygen tensions. Throughout this period, the concentration of residual glycogen was great enough to maintain stores, and utilization of exogenous glucose was strictly limited. When stores were eventually depleted, glycolysis was supported by utilization of exogenous glucose in proportionately greater amounts.
In a recent report, Scheuer and Stozoski (28) described their ability to increase the resistance of the rat heart to hypoxia by enhancing glycogen stores by treatment with reserpine. Glycogen concentration proved to be a significant rate-limiting factor during anaerobic glycolysis despite adequate exogenous glucose.
Despite the marked increase in lactate production during active turtle myocardial glycolysis, the extremely high quantities of reptilian body buffer (plasma bicarbonate about 40 mM, blood pH 7.8) help to support tissue pH. Robin et al. (29) have demonstrated that much of the anaerobic production of CO 2 by hypoxic turtles results from buffering by bicarbonate of the acidic products of anaerobic glycolysis. Maintenance of cellular pH helps to prevent the depression of glycolysis associated with suppression of the activity of phosphorylase b kinase induced by an acidic pH.
